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Low-Temperature Water Electrolysis Under a Sustained pH-
Gradient for Electrochemically-Induced Decarbonation of 
Limestone into Hydrated Lime  
 
Rémy Rouxhet, Maxime Loudeche, Ronny Santoro, and Joris Proostz 

 
Division of Materials and Process Engineering (IMAP), Université Catholique de Louvain, Louvain-la-Neuve, 
Belgium 
 
 
Lime holds considerable potential in diverse environmental applications. However, its current 

production remains highly carbon-intensive, emitting more than one ton of CO2 per ton of lime. 

To address this issue, recent studies have explored the concept of electrifying the decarbonation 

of limestone to produce hydrated lime. In this work, a two-compartment electrolysis cell 

capable of producing Ca(OH)2 has been tested at different currents. Precise pH and Ca2+ 

concentration measurements demonstrate that the electrolysis setup is able to dissolve CaCO3 

and precipitate Ca(OH)2 with near-perfect efficiencies. Notably, it highlights that Faraday’s law 

and the concept of transport number can be applied to predict both the equilibrium and kinetic 

behavior of each step of the process in each of the two cell compartments. Moreover, the use 

of controlled batch additions of CaCO3 in the system, as opposed to one-time excess addition, 

was assessed to mitigate the fouling of the cationic exchange membrane used to separate the 

compartments. Finally, based on the experimental findings, key guidelines are proposed to 

achieve a perfect reaction stoichiometry for each step. These findings pave the way for a more 

sustainable and environmentally friendly approach to lime production. 
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Introduction 
 

Owing to its abundance and alkaline nature, lime is an essential chemical in today’s world. In 

2019, Europe produced 18.2 million tons of lime [1] which were used in many different areas. 

Its main application remains in the steel sector, notably for the removal of impurities and as a 

fluxing agent to reduce the melting temperature of the SiO2-based slag. More recently, lime has 

also become a very cost-effective agent in environmental applications to treat flue gases, 

wastewater, sludges and hazardous wastes. In construction, it is used as a binding agent, as an 

additive in asphalt and serves soil stabilization purposes. Lime is also vital in various industrial 

applications such as pulp and paper manufacturing, sugar refining and other chemical uses [2-

5]. 

Lime exists in two forms: quicklime which is calcium oxide (CaO) and slaked lime (Ca(OH)2), 

also called hydrated lime. The quicklime production process is currently based on the thermal 

calcination of limestone (CaCO3). This endothermic reaction takes place in a kiln at a 

temperature between 900 and 1200°C [2, 3] and emits a large amount of process CO2 process. 

An additional exothermic hydration step is required to obtain slaked lime. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) + Heat ⇌ 𝐶𝐶a𝑂𝑂 + 𝐶𝐶𝑂𝑂2 (1)

   𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂 ⇌ 𝐶𝐶𝐶𝐶(𝑂𝑂𝐻𝐻)2 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻     (2) 

 

The current thermal pathway emits more than 1t of CO2 per ton of lime produced [6, 7], of 

which around one-third comes from the fuel combustion to reach the kiln temperature. The 

other two-thirds are process emissions directly linked to the calcination reaction. The increasing 

European carbon constraints for 2050 drive the lime industry towards a more sustainable 

production [1]. Current projects to cut lime’s carbon footprint include carbon capture from plant 

flue gas, fossil fuel switching and a more energy-efficient reactor design [8]. Carbon Capture 

& Storage (CCS) is assumed to have the highest decarbonization potential [9-11]. However, the 

flue gases of the conventional process are usually quite dilute (~20vol.% of CO2 [6]) which 

makes CCS hardly economically viable [12, 13]. Alternative ways to get rid of the calcination 

reaction gained attention in recent years. Calcination-free production routes offer the 

opportunity to drastically shift the industry towards a more sustainable process, but still present 

low technology readiness levels [14, 15]. 

Among these, a new electrochemical pathway for hydrated lime production has been presented 

by Ellis et al. in 2019 [16]. This innovative route has the major advantage of electrifying the 
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process, with a decarbonization potential depending on the electricity source. It also produces 

valuable gases:  a pure hydrogen flux and a mixed flow of oxygen and carbon dioxide. The CO2 

content is much higher (66vol.%) compared to the conventional process (~20vol.%), which 

eases its separation for further sequestration or utilization [12]. This electrochemical pathway 

is carried out in a so-called hybrid electrolyzer, capable of working with solid, liquid and 

gaseous phases. The electrolyzer induces CaCO3 dissolution and Ca(OH)2 precipitation at its 

anodic and cathodic side, respectively, through the exploitation of a pH gradient naturally 

generated in a neutral water electrolysis cell. All steps occurring to electrochemically convert 

limestone into hydrated lime are illustrated in Figure 1 and described in more detail below. 

The hybrid electrolyzer has several possible configurations [17, 18]. The one selected here is a 

2-compartment electrolysis cell composed of an anodic and a cathodic chamber, separated by a 

cation exchange membrane (CEM). Two electrochemical reactions take place: the oxygen 

evolution reaction (OER) at the anode and the hydrogen evolution reaction (HER) at the 

cathode. These half-cell reactions produce protons (H+) and hydroxide ions (OH-), respectively, 

creating a pH gradient within the electrolyzer.  

 

Anode (OER): 2𝐻𝐻2𝑂𝑂 → 𝑂𝑂2(𝑔𝑔) +  4𝐻𝐻+ + 4𝑒𝑒− (3) 

Cathode (HER): 2𝐻𝐻2𝑂𝑂 +  2𝑒𝑒− → 𝐻𝐻2(𝑔𝑔) +  2𝑂𝑂𝐻𝐻− (4) 

 

Limestone is added to the anodic chamber where it gets dissolved by the electrochemically 

generated protons :  

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) + 2𝐻𝐻+ ⇌ 𝐶𝐶𝑎𝑎2+ + 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2 (5) 

 

Thanks to the effect of the electric field, the dissolved calcium ions then migrate towards the 

cathodic chamber through the CEM, where they react with the OH- ions to form the desired 

final product, calcium hydroxide. The global reaction can be expressed as:  

 

2𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) + 4𝐻𝐻2𝑂𝑂 ⇌ 2𝐶𝐶𝐶𝐶(𝑂𝑂𝐻𝐻)2(𝑠𝑠) + 2𝐻𝐻2 + 𝑂𝑂2 + 2𝐶𝐶𝑂𝑂2  (6) 

 

Thanks to the intrinsic potential of this technology, this new field of research has recently 

gained significant interest. For instance, Conquan et al. [17] and Qixian et al. [19] confirmed 

the feasibility of this new electrochemical route. In addition to the production of hydrated lime, 
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they proposed a reactor allowing the capture of CO2 from the air with the help of this lime [17] 

and the electrochemical conversion of the CO2 produced into valuable hydrocarbon products 

[19]. More recently, a new type of electrochemical reactor was developed in which CO2 and O2 

can be recovered separately with a promising low cell voltage [18, 20]. More generally, the idea 

of exploiting the inherent pH gradient during neutral water electrolysis has also inspired the 

design of an electrochemical reactor capable of recycling spent cathodes of Li-ion batteries 

[21]. 

In this article, we aim at further advancing the operational understanding of the hybrid 

electrolyzer using a two-compartment cell. Different currents are applied in order to be able to 

study the intrinsic efficiency of each reaction step. Precise measurements of pH, calcium ion 

concentration and evolved gas volumes enable the determination and validation of the 

fundamental laws governing neutral water electrolysis, CaCO3 dissolution, Ca2+ migration and 

Ca(OH)2 precipitation. More precisely, the establishment of a pH gradient and the Ca2+ 

migration efficiency are assessed based on the H+ and Ca2+ transport numbers. The article also 

investigates the precipitation behavior in the cathodic compartment and its impact on cathodic 

pH and membrane fouling. To reduce membrane fouling and consider a continuous operation 

of the reactor, regular additions of CaCO3 are compared with the initial batch addition of CaCO3 

in excess. Finally, the article also establishes the process conditions needed for maintaining the 

stoichiometry of the overall reaction, providing valuable guidelines towards achieving an 

optimal overall performance.  

 

Experimental 
 

The glass H-cell (Equilabrium) used to carry out all experiments, presented in Figure 2, is filled 

with 1L of electrolyte in each compartment. Both compartments are magnetically stirred at 

400rpm to ensure homogeneity. The electrolytes used in the anode compartment are either 1M 

Ca(ClO4)2 or 1M NaClO4 (depending on the reaction step studied, see next paragraph) from 

VWR prepared with ultra-pure water (electrical resistivity: 18.2MΩ/cm). In the cathodic 

compartment, 1M NaClO4
 is used for all experiments performed. Calcium carbonate inserted at 

the anode has a purity ≥99.0% (BioXtra, Sigma-Aldrich). Foils with dimensions 65x25x2mm 

(total surface area: 36.1cm2) are used as electrodes. The cathode is made of pure nickel 

(≥99.5%, Alfa Aesar). At the anode, a dimensionally stable anode (DSA) coated on both sides 

with mixed metal oxide (12 g/m2 Ir, Metakem) is used. A cation exchange membrane, Nafion 

N115 (127 µm thickness, Ion Power GmbH), serves as the separator between the compartments. 
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The potentiostat and the pH electrode with double-junction are supplied by Metrohm (AutoLab 

PGSTAT302N & Profitrode). In-situ sampling in each compartment is carried out during the 

experiments. ICP-AES analyses are performed on the collected samples to measure the calcium 

ion concentration. XRD analysis was performed on collected precipitates with a Bruker D8 

Advanced device with LYNXEYE detectors and a cobalt source. All experiments were 

performed at room temperature. Experiments at four different currents have been performed: 

1.5A (0.042A/cm2), 1A (0.028A/cm2), 0.6A (0.017A/cm2) and 0.3A (0.008A/cm2). These 

values have been chosen according to the maximum power of the potentiostat. Due to the large 

distance between electrodes (15cm), this setup shows low energetic performance (initial cell 

voltage between 5.3-14.8V depending on the current applied). 

For neutral electrolysis experiments, 1M NaClO4 was used in the anodic compartment. Bubble 

flowmeters were used to define the volumes produced. Gas production measurements are 

performed until a production of 75cm3 is reached for each gas. For dissolution experiments, 1M 

NaClO4 was used in the anodic compartment to obtain accurate Ca2+ measurement. An excess 

of CaCO3 (2.25 times the dissolved quantity expected by the stoichiometry of reaction 5) is 

inserted at the beginning of the experiment in the anodic compartment. The amount of dissolved 

calcium is computed by summing the amount of Ca2+ found in solution at the anodic and 

cathodic compartments. The cathodic compartment has been acidified to avoid precipitation 

that implies a loss of calcium ions in the solution. For migration experiments, 1M Ca(ClO4)2 

was used in the anodic compartment. The cathodic compartment was also acidified for the same 

reason as the dissolution experiments. For precipitation experiments, only 1M Ca(ClO4)2 was 

used in the anodic compartment to maximize Ca2+ migration and therefore precipitation. For 

batch addition experiments of CaCO3, 1M Ca(ClO4)2 was used in the anodic compartment as 

well.  

 

Results & Discussion 
 

Neutral water electrolysis 

 

The Faraday efficiencies of the OER and HER have been studied at different applied currents. 

In accordance with Ellis et al. [16], the use of neutral salts such as NaNO3 and NaClO4 was 

considered first for the electrolytes. However, contrary to Ellis, cost-effective electrode 

materials rather than platinum were used to ensure industrial feasibility [22]. The choice of 

electrode materials was guided by the similarity of the hybrid electrolyzer to the chlor-alkali 
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process (acidic conditions in the anode compartment and alkaline conditions in the cathode 

compartment) [23, 24]. Consequently, at the anode, a dimensionally stable anode (DSA) coated 

with IrO2 was tested and presented an ideal oxygen production rate for both electrolytes. At the 

cathode, gas measurements with NaNO3 and a pure nickel cathode revealed no discernable 

hydrogen generation. This phenomenon can be attributed to the preferential reduction of nitrate 

instead of water, characterized by the following reaction [25]:  

 

   𝑁𝑁𝑂𝑂3− + 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → 𝑁𝑁𝑂𝑂2− + 2𝑂𝑂𝐻𝐻−     (7) 

 

As a result, the established configuration for the neutral water electrolyzer involves a 1M 

NaClO4 electrolyte with DSA and nickel. Figures 3A and 3B show the temporal evolution of 

gaseous H2 and O2, respectively, under these conditions at different applied currents and up to 

75cm3 production. The gaseous volumes produced can be re-expressed as a function of supplied 

charge as illustrated in Figure 3C. The measured slopes for hydrogen and oxygen evolution are 

5.4 ± 0.2 and 2.7 ± 0.1 ⋅ 10−6 mol/C, respectively.  

The relation between the applied charge and the amount of gas produced is known as Faraday’s 

law: 

 
𝑑𝑑𝑑𝑑𝐻𝐻2
𝑑𝑑𝑑𝑑

=
1
2
𝑑𝑑𝑛𝑛𝑂𝑂𝑂𝑂−

𝑑𝑑𝑑𝑑
=
𝜀𝜀𝐹𝐹,𝐻𝐻2
2𝐹𝐹

= 𝜀𝜀𝐹𝐹,𝐻𝐻2 ⋅ 5.2 ⋅ 10−6 �
mol

C
�                            (8𝑎𝑎) 

𝑑𝑑𝑑𝑑𝑂𝑂2
𝑑𝑑𝑑𝑑

=
1
4
𝑑𝑑𝑛𝑛𝐻𝐻+

𝑑𝑑𝑑𝑑
=
𝜀𝜀𝐹𝐹,𝑂𝑂2
4𝐹𝐹

= 𝜀𝜀𝐹𝐹,𝑂𝑂2 ⋅ 2.6 ⋅ 10−6 �
mol

C
�                             (8𝑏𝑏) 

 

with 𝜀𝜀𝐹𝐹, 𝐹𝐹 and 𝑞𝑞 the faradaic efficiency, Faraday’s constant (96485 C/mol) and the applied 

charge, respectively.  

As can be seen in Fig. 2C, linear regressions over the experimental data yielded estimated slopes 

that align with the postulated slopes in the Faraday’s law for perfect faradic efficiency, i.e. 5.2 

and 2.6 ⋅ 10−6 mol/C for H2 and O2, respectively. Thanks to equations 8a and 8b, this allows 

us to calculate the faradic yield, which is equal to 1.04 for both gases. Moreover, the factor 2 

difference between both gases also confirms the reaction stoichiometry for electrochemical 

water splitting (cfr. eq. (3) and (4)). This confirms that the hybrid electrolyzer demonstrates 

perfect faradic efficiencies across the tested range of current for both H2 and O2 production. 

Knowing the faradic efficiencies of the OER and HER, the experimental pH in the anodic and 

cathodic compartments can then be compared to the expected pH, as presented in Figure 4. 
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Without CaCO3, the pH in the anodic chamber decreases over time due to the oxygen evolution 

reaction which produces H+ (see eq. 3). The proton concentration increases in the anodic 

chamber and is only limited by its migration towards the cathodic chamber, where it will 

recombine with OH- to reform water. The expected pH has been computed and fits well with 

the experimental values, as can be seen in Figure 4. In the anodic compartment, this pH 

evolution is expressed by equation 9 as a function of the difference between the proton 

production and migration rate. The transport of ions through the cell comes from three 

contributions: migration, diffusion and convection. It can be shown that the largest contribution 

to the total transport through the membrane is migration due to the high current supplied to the 

cell and that diffusion and convection can be neglected [26, 27]. 

 

 
𝑑𝑑𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑
= − log10 �1 +

1
[𝐻𝐻+] ∗

𝑑𝑑[𝐻𝐻+]
𝑑𝑑𝑑𝑑

� (9𝑎𝑎) 

with :  

 

𝑑𝑑[𝐻𝐻+]
𝑑𝑑𝑑𝑑

=  𝐽𝐽𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀𝐹𝐹
𝐼𝐼
𝐹𝐹𝐹𝐹

−
𝐼𝐼𝐻𝐻+

𝐹𝐹𝐹𝐹
(9𝑏𝑏) 

𝐼𝐼 and 𝐼𝐼𝐻𝐻+ are respectively the total current and the current transported by the migration of 𝐻𝐻+, 

and 𝑉𝑉 is the anodic chamber’s volume.  

By introducing the transport number, i.e. the fraction of current carried by an ionic species 𝑖𝑖 

[28], the previous expression can be re-written and adjusted for the cathodic compartment:  

 

Transport number ≡ 𝑡𝑡𝑖𝑖 =
𝐼𝐼𝑖𝑖
𝐼𝐼

=
𝑧𝑧𝑖𝑖𝜇𝜇𝑖𝑖[𝑖𝑖]

∑ 𝑧𝑧𝑘𝑘𝜇𝜇𝑘𝑘[𝑘𝑘]𝑘𝑘
(10) 

 
𝑑𝑑[𝐻𝐻+]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑
= �𝜀𝜀𝐹𝐹,𝑂𝑂2 − 𝑡𝑡𝐻𝐻+�

𝐼𝐼
𝐹𝐹𝐹𝐹

(11𝑎𝑎) 

 
𝑑𝑑[𝐻𝐻+]𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜

𝑑𝑑𝑑𝑑
= �𝜀𝜀𝐹𝐹,𝐻𝐻2 − 𝑡𝑡𝐻𝐻+�

𝐼𝐼
𝐹𝐹𝐹𝐹

(11𝑏𝑏) 

 

where 𝑧𝑧𝑘𝑘, 𝜇𝜇𝑘𝑘 and [𝑘𝑘] are the charge number, mobility and concentration of an ionic species 𝑘𝑘, 

respectively. From this expression, it appears that an equilibrium pH can be reached when the 

transport number of 𝐻𝐻+ approaches the hydrogen faradaic efficiency, i.e. when the proton 

migration rate becomes equal to its production rate.   

 

Calcium carbonate dissolution 
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The calcium carbonate chemical dissolution reaction (5) implies protons and calcium ions as 

the main reactant and product, respectively. Hence, the study of this step can be done by pH 

and Ca2+ concentration measurements during electrolysis. Figures 5A and 5C illustrate the 

evolution of the mass of dissolved calcium as a function of time and charge consumed, 

respectively, while Figures 6A and 6B depict the corresponding pH evolution in the anodic 

compartment. The amount of calcium dissolved is linearly increasing over time and applied 

charge. For the latter, a linear regression over all the experimental data gives an estimated slope 

of 5.2 ± 0.1 ⋅ 10−6 mol/C. The amount expected if the reaction stoichiometry is followed can 

be computed from equation 12: 

 
𝑑𝑑𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3
𝑑𝑑𝑑𝑑

= −
𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶2+
𝑑𝑑𝑑𝑑

= −
𝜀𝜀𝐷𝐷
2𝐹𝐹

= −𝜀𝜀𝐷𝐷 ⋅ 5.2 ⋅ 10−6 �
mol

C
�  (12) 

 

with 𝜀𝜀𝐷𝐷 the chemical dissolution efficiency. Therefore, in view of the fitted slope value, 𝜀𝜀𝐷𝐷 = 1 

regardless of the current applied, and the measured amount of dissolved calcium corresponds 

to the reaction stoichiometry. This perfect alignment between the experimental and expected 

slopes demonstrates that the quantity of dissolved calcium is directly linked to the quantity of 

charge supplied to the hybrid electrolyzer. In other words, the CaCO3 dissolution rate is only 

limited by the H+ supply by water electrolysis. An increase in current therefore also increases 

this dissolution rate. However, a limit could appear if the reaction becomes limited by mass 

transport. Other parameters that affect the dissolution rate are current, granulometry, agitation 

(or flowrate in the case of forced flow), solid-liquid fraction and temperature [29].  

 

When an excess of CaCO3 is inserted in the anodic chamber at the beginning of the experiment, 

Figures 6A and B show that its dissolution consumes the H+ produced, which implies higher 

pH values than the ones presented in Fig. 3 and predicted by eq. (11). A pH plateau appears 

between pH = 6-7 for an applied charge higher than 5kC. This can be explained by resolving 

equation 13. Indeed, as compared to the previous equation 11a which describes the pH evolution 

in the anodic compartment without CaCO3, this equation now has an additional term, namely 

the dissolution efficiency εD to take into account the proton consumption during CaCO3 

dissolution: 
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𝑑𝑑[𝐻𝐻+]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑
= �𝜀𝜀𝐹𝐹,𝑂𝑂2 − 𝑡𝑡𝐻𝐻+ − 𝜀𝜀𝐷𝐷�

𝐼𝐼
𝐹𝐹𝐹𝐹

 (13) 

 

It has been shown previously that the faradic and dissolution efficiencies εF,O2 and εD were close 

to one, so these two terms cancel each other out. Moreover, since the proton ionic transport 

number tH+ for a pH value between 6 and 7 is lower than 9 ⋅ 10−6, the pH variation over time 

tends to zero. At this point, the system can be considered stable and each mole of H+ produced 

will be used to dissolve 0.5 mole of CaCO3, also proving that the dissolution reaction is 

following a perfect stoichiometry. The value of the pH plateau obtained depends on the 

carbonate equilibrium [30] and could be modified by the same parameters that affect the 

dissolution rate already mentioned above. 

 

Ca2+ migration 

 

The migration efficiency is defined as the ratio between the flux of ions that is effectively 

migrating across the cationic membrane and the flux expected by the stoichiometry. The 

expected flux is defined by the global reaction equation (6), where for 4 electrons supplied to 

the cell, two calcium ions need to migrate and produce two molecules of calcium hydroxide. In 

other terms, the entire current flowing through the cell must be conducted by these calcium ions 

to respect the stoichiometry. The transport number of calcium should therefore approach one.  

The CEM of the hybrid electrolyzer is assumed to block the migration of anions [31]. Therefore, 

with 1M NaClO4, the transport number equation is solved for sodium, calcium and hydrogen 

cations. In this case, a large part of the current is transported by the migration of Na+, lowering 

the calcium migration efficiency. Indeed, as shown in Figure 7A, the Ca2+ transport number 

could only reach a maximum value of 70% with the sodium-based electrolyte. The utilization 

of calcium-based electrolytes such as Ca(ClO4)2 in the anodic chamber has therefore been 

assessed. With this kind of electrolyte, the migration efficiency only depends on the Ca2+ and 

H+ concentrations [28]:  

 

𝜀𝜀𝑀𝑀  = 𝑡𝑡𝐶𝐶𝑎𝑎2+ =
𝐼𝐼𝐶𝐶𝐶𝐶2+
𝐼𝐼

=
𝑧𝑧𝐶𝐶𝑎𝑎2+𝜇𝜇𝐶𝐶𝑎𝑎2+[𝐶𝐶𝑎𝑎2+]

(𝑧𝑧𝐶𝐶𝑎𝑎2+𝜇𝜇𝐶𝐶𝑎𝑎2+[𝐶𝐶𝑎𝑎2+]) + (𝑧𝑧𝐻𝐻+𝜇𝜇𝐻𝐻+[𝐻𝐻+])                           (14) 

 

As a result, a larger fraction of the current is transported by calcium migration, greatly 

improving its migration efficiency, as illustrated in Figure 7B. In particular, in 1M Ca(ClO4)2, 
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the Ca2+ transport number remains above 99.9% for pH values above 3.5, and above 99% for 

values above 2.5. Indeed, at constant Ca2+ concentration, the calcium migration efficiency 

which is directly proportional to the calcium transport number, becomes a function of the pH 

in the anodic chamber.  The same reasoning can be applied to the need to use a cationic 

membrane instead of a non-selective one. In the latter case, the non-selective membrane will 

allow the anions to drive the current through the membrane, reducing the calcium ionic 

transport number. 

 

The mass of Ca2+ that migrates has been determined for the different applied currents studied 

by ICP analysis of samples collected at the cathode. It is shown as a function of time and applied 

charge in Figure 8A and 8C, respectively. For the latter, the slope of a linear regression is 5.0 ±

0.1 ⋅ 10−6 mol/C, while the expected slope can be calculated as:  

 
𝑑𝑑𝑛𝑛𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

2+

𝑑𝑑𝑑𝑑
=
𝜀𝜀𝑀𝑀
2𝐹𝐹

= 𝜀𝜀𝑀𝑀 ⋅ 5.2 ⋅ 10−6    �
𝑚𝑚𝑚𝑚𝑚𝑚
𝐶𝐶
�                                              (15) 

 

Therefore, the experimental migration efficiency εM is again nearly 100%. This value can be 

explained by a pH value close to neutrality and the use of a calcium-based electrolyte. As 

mentioned previously, with an excess of calcium carbonate, the anodic pH stabilizes at high 

values above pH=6. With 1M Ca(ClO4)2 electrolyte, this implies a Ca2+ transport number very 

close to one. The amount of Ca2+ that migrates is then proportional to the amount of charge 

provided and identical to the amount of Ca2+ that is dissolved.  

The evolution of the amount of Ca2+ in the anodic chamber can now be determined thanks to 

the dissolution and migration rate: 

 
𝑑𝑑𝑛𝑛𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2+

𝑑𝑑𝑑𝑑
= (𝜀𝜀𝐷𝐷 − 𝜀𝜀𝑀𝑀)

1
2𝐹𝐹

   �
𝑚𝑚𝑚𝑚𝑚𝑚
𝐶𝐶
�                                                            (16) 

 

In the previous sections, it has been demonstrated that the dissolution and migration efficiencies 

εD and εM were both close to 100%. As a result, the dissolution and migration rates are also very 

similar, which is also confirmed by comparing Figure 5B and Figure 8B, so that the amount of 

calcium ions in the anodic chamber should remain constant. In other words, the migrating Ca2+ 

ions are constantly renewed by the CaCO3 dissolution.  
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Ca(OH)2 precipitation 

 

Measurements of Ca2+ concentration and pH in the cathodic chamber for an applied current of 

0.6A and 1.5A are shown in Figure 9. As expected, the Ca2+ concentration in the cathodic 

chamber is first steadily increasing, driven by its migration. Simultaneously, the pH in the 

cathodic chamber follows a rise due to the HER producing OH- groups (cfr. eq. 4). The slope 

of the calcium ion concentration increase is equal to 5.1 ± 0.1 ⋅ 10−6 mol/C for 0.6A and 3.8 ±

0.2 ⋅ 10−6 mol/C for 1.5A. For an applied current of 0.6A, white precipitates of Ca(OH)2 start 

appearing in the solution after approximately 2h30min of experiment. At the same time, even 

though Ca2+ migration and OH- production continues, their concentrations stabilize. 

The mass of calcium hydroxide precipitated is difficult to obtain experimentally due to its 

partial deposition on the cathode surface and the membrane. It is therefore more convenient to 

extract the precipitation efficiency εP from the amount of calcium ions in the cathodic 

compartment:  

 
𝑑𝑑𝑛𝑛𝐶𝐶𝑎𝑎2+,𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜

𝑑𝑑𝑑𝑑
= (𝜀𝜀𝑀𝑀 − 𝜀𝜀𝑃𝑃) 

1
2𝐹𝐹

   �
𝑚𝑚𝑚𝑚𝑚𝑚
𝐶𝐶
�                                               (17) 

 

Since the number of calcium ions at the cathode is known by ICP analysis and it has been shown 

before that  𝜀𝜀𝑀𝑀 is equal to one, the precipitation efficiency 𝜀𝜀𝑃𝑃 can be computed from this 

equation. During the initial linear increase in Ca2+ concentration, 𝜀𝜀𝑃𝑃 is equal to about 2% and 

26% for 0.6A and 1.5A respectively. Once the plateau is reached, the calcium ion concentration 

and pH no longer fluctuate. According to eq. (17), this then implies that 𝜀𝜀𝑃𝑃 becomes close to 

one, proving that the precipitation follows the reaction stoichiometry.  

The precipitation of Ca(OH)2 starts once the activities of Ca2+ and OH- (𝑎𝑎𝐶𝐶𝑎𝑎2+ and 𝑎𝑎𝑂𝑂𝐻𝐻−) are 

sufficiently high for the solubility limit 𝐾𝐾𝑠𝑠 of Ca(OH)2 to be exceeded [32, 33]: 

 

𝐾𝐾𝑠𝑠 = 𝑎𝑎𝐶𝐶𝑎𝑎2+𝑎𝑎𝑂𝑂𝐻𝐻−2 = (𝛾𝛾𝐶𝐶𝑎𝑎2+[𝐶𝐶𝐶𝐶2+])(𝛾𝛾𝑂𝑂𝑂𝑂−[𝑂𝑂𝑂𝑂−])2 = 5.02 ⋅ 10−6                    (18) 

 

The activity of a species is defined as the product of an activity coefficient, which itself depends 

on the ionic strength of the electrolyte solution, and the species concentration. The activity 

coefficients can be calculated with the Davies equation [34] and have a value between 0.40-

0.43 and 0.79-0.81 for Ca2+ and OH- respectively for the range of concentrations observed in 

the cathodic compartment.  
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In Figure 9, the measured cathodic pH is compared for each Ca2+ concentration to the minimum 

pH needed to allow precipitation of Ca(OH)2 This theoretical pH represents the OH- 

concentration needed to exceed the solubility limit described in equation (18). The comparison 

indicates that precipitation starts as soon as the measured pH in the cathodic chamber reaches 

this theoretical value, as indicated by the vertical dashed lines both at 0.6 A (left) and 1.5 A 

(right). Indeed, from that point onwards, both the measured pH and Ca2+ concentration stabilize 

at the plateau value predicted by the solubility product. An alternative presentation of the 

evolution of the Ca2+ and OH- activities towards precipitation is given for both applied currents 

in Figure 10. It can be seen that the two experiments are not reaching the same equilibrium 

state. Moreover, the time evolution at 1.5 A deviates from the expected behavior. This can be 

taken as indicative for the occurrence of preliminary precipitation at the surface of the cathode 

and/or the membrane, resulting from the presence of a pH gradient within the cathode 

compartment. Indeed, the generation of OH- at the cathode leads to the appearance of a higher 

local pH, implying early heterogeneous precipitation on any neighboring solid surface.  

 

Results from XRD analysis on the precipitates retrieved from, respectively, the cathode, the 

bulk solution and on the membrane are shown in Figure 11. The perfect fit with the theoretical 

Ca(OH)2 portlandite peaks proves that the white precipitates formed are made of nearly pure 

portlandite. A small amount of sodium coming from the electrolyte was detected in the 

precipitate by ICP analysis (1.4wt.%).For both precipitates, a specific surface area and pore 

volume of, respectively, 0.6 m²/g and 0.002 cm3/g has been determined by BET analysis. A 

particle size distribution (PSD) analysis showed that all precipitates had a characteristic size 

below 70 µm. These values are comparable to previously published values of 0.8 m²/g and 90 

µm [16]. The hydrated lime produced by our hybrid electrolyzer can therefore be used directly 

for construction and civil engineering applications [35]. However, its specific surface area and 

porous volume are too low for environmental applications such as flue gas cleaning, the latter 

typically requiring 10~40 m²/g and 0.2 cm³/g [36].  

 

Process upscaling 

 

In the previous section, it was already pointed out that although Ca(OH)2 precipitation followed 

the expected reaction stoichiometry from eq. (6), its preferential location on the cathode and 

membrane surface can still be problematic for the large-scale viability of the process. Therefore, 

Page 12 of 33

https://mc04.manuscriptcentral.com/jes-ecs

Journal of The Electrochemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



For Review Only

 13 

in order to analyze a potential change in the preferential location of precipitation, continuous 

additions of small CaCO3 quantities were compared to the one-step batch addition of CaCO3 at 

the beginning of the experiment. Pictures of the different membranes after 6h experiments are 

shown in Figure 12. Ca(OH)2 is clearly seen to precipitate in different zones of the cathodic 

chamber depending on the operating scenario. In the case without CaCO3 addition (Fig. 11A), 

Ca2+ ions can only come from the Ca(ClO4)2 electrolyte in the anodic chamber, and precipitation 

mainly occurs in solution and on the surface of the cathode rather than on the membrane. When 

an excess of CaCO3 is added at the beginning, precipitates mainly localize on the cathodic side 

of the CEM, as illustrated in Figure 12B. In that case, precipitation completely obstructs the 

membrane, dropping drastically the CEM’s performance (40.1% of cell voltage increase for the 

experiment at 1.5A) by hindering the passage of any ionic species. For longer experiments 

(~24h), the membrane even starts fracturing causing the two compartments to partially mix 

together. 

All this indicates that, despite agitation in the cell, the pH profile across the cathodic chamber 

is not constant. Precipitation will be initiated as soon as the required pH is reached. The first 

location in the migration path of Ca2+ that presents this pH will thus be subject to precipitation. 

To anticipate this location, 2 phenomena must be considered. On the one hand OH- production 

at the cathode and its migration towards the CEM, where it is being accumulated due to 

concentration polarization effects [27, 37]. On the other hand the migration of H+ through the 

CEM and its combination with OH- in the cathodic compartment to reform water. In the absence 

of CaCO3, no H+ are being consumed so that the pH in the anodic compartment reaches low 

values, as already indicated in Figure 4 and shown again in Figure 13A. According to Figure 

7B, this then implies a decrease of the Ca2+ transport number, in favor of an increase in the H+ 

transport number. This favored migration of H+ and its recombination with OH- is lowering the 

pH at the cathodic side of the membrane thus limiting the risk of precipitation. In this case, the 

required pH will first be reached at the cathode surface where OH- are being generated. This 

explains the preferential localization of precipitation on the cathode’s surface. As can been seen 

on Figure 13B, the advantage of the absence of any precipitation on the membrane is 

counterbalanced by a decrease of the migration efficiency with time due to a decrease of the 

pH. 

Conversely, with an excess of CaCO3 being added at the beginning, the Ca2+ migration 

efficiency remains at almost 100%, minimizing the migration of H+ and its recombination with 

OH-. The migrating OH-, blocked by the CEM, therefore accumulate in its vicinity, leading to 

a significant increase in pH close to the cathodic side of the membrane. Consequently, the 
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migrating Ca2+ encounter this high OH- concentration and precipitates on the membrane itself. 

This is in line with previous observations showing that the migration of H+ and its impact on 

the pH gradient inside the cathodic compartment plays an important role in the precipitation 

localization [38, 39]. 

 

Finally, Figure 13B also illustrates the impact of repetitive batch additions of CaCO3 on the 

precipitation occurring on the CEM. By carefully selecting an appropriate working pH range, 

which also allows to ensure that the anodic compartment remains in the CO2 stability region, it 

becomes possible to regulate the Ca2+ migration efficiency. This then allows to find a 

compromise between Ca2+ and H+ migration. For instance, with such batch additions, the pH 

can be kept between 1.5 and 2 (Figure 13A), so that the Ca2+ migration efficiency on Figure 

13B remains still sufficiently high around 92~97%. At the same time, more H+ are allowed to 

migrate and recombine with OH-, thus reducing the likelihood of Ca(OH)2 precipitation on the 

CEM.  

 

Conclusions 
 

A novel method for the electrochemical decarbonation of CaCO3 into Ca(OH)2 has been 

successfully demonstrated in a specific two-compartment electrochemical cell and validated at 

different applied currents. Compared to the three-compartment configuration commonly used, 

this configuration has the advantage of simplifying the design, minimizing the inter-electrode 

distance and only requiring one (cationic) membrane. First of all, the stoichiometric production 

of both H2 and O2 gas in a neutral electrolyte has been verified, exhibiting perfect faradaic 

efficiencies using and hence cost-effective platinum-free electrodes. Moreover, the 

establishment of a pH gradient between the anodic and cathodic compartment was confirmed, 

as well as its charge dependency. In the anodic chamber, the acidic pH generated by the OER 

allows for the stoichiometric dissolution of CaCO3, only being limited by the supply of H+, 

which in turn is directly linked to the applied current. The resulting calcium ions were then 

shown to migrate towards the cathode with a migration efficiency depending on its transport 

number. The use of a CEM to separate both chambers and a calcium-based electrolyte (e.g. 1M 

Ca(ClO4)2) are essential to ensure a near-perfect Ca2+ migration efficiency, hence avoiding 

current transport by species other than calcium ions. In the cathodic chamber, the HER 

generates an alkaline pH enabling the precipitation of pure Ca(OH)2 with near-ideal 
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stoichiometry. The precipitation equilibrium can be predicted provided that the activity 

coefficients of the different ionic species are taken into account. 

Moreover, by systematically studying the current dependency of each of the above steps, the 

experimentally observed time and charge dependency of both Ca2+ and OH- ions was shown to 

follow a near-perfect reaction stoichiometry. Constitutive rate equations could therefore be 

presented that allow to predict the temporal variation of pH and calcium ion concentration in 

both the anodic and cathodic chambers, including their current dependencies. Finally, with 

respect to a possible upscaling of the process, practical issues related to the risk of Ca(OH)2 

precipitation onto the CEM and onto the cathode have been addressed. To mitigate this, 

controlled multiple batch additions of CaCO3 as opposed to a one-time excess addition were 

demonstrated to allow to regulate the precipitation behavior by controlling the working pH in 

the anodic compartment. This in turn allows to tune the balance between Ca2+ and H+ migration, 

resulting in a minimization of local pH gradients in the cathodic chamber and therefore also the 

risk of precipitation onto the CEM. 
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Figure legends 
 
Fig. 1. (top) Comparison between the thermal and electrochemical production route of 

Ca(OH)2 ; (bottom) a simplified reaction scheme of the hybrid electrolyzer used in this work. 

Fig. 2. Schematic representation of the experimental setup 

Fig. 3. Evolution of produced volumes of hydrogen (A) and oxygen (B) at different current 

densities as a function of time and charge (C).  

Fig. 4. Experimental (symbols) and theoretical (lines) pH evolution in the anodic and cathodic 

chamber as a function of time (A) and applied charge (B) in the absence of CaCO3.  

Fig. 5. Mass of dissolved Ca2+ as a function of (A) time and (C) applied charge ; (B) CaCO3 

dissolution rate as a function of applied current, as determined from the slopes in (A). 

Fig. 6. Experimental pH evolution in the anodic chamber as a function of time (A) and 

applied charge (B) when adding an excess of CaCO3 at the beginning. The solid line 

represents the expected pH evolution in the absence of CaCO3.  

Fig. 7. Ca2+ transport number as a function of pH and Ca2+ concentration in the case of (A) 

1M NaClO4 and (B) 1M Ca(ClO4)2 electrolytes. 

Fig. 8. Mass of migrated Ca2+ in the cathodic chamber as a function of (A) time and (C) 

applied charge ; (B) Ca2+ migration rate as a function of applied current, as determined from 

the slopes in (A). 

Fig. 9. Temporal evolution in the cathodic chamber of Ca2+ concentration (left axis) and pH 

(right axis) for an applied current of (A) 0.6A and (B) 1.5A. 

Fig. 10. Measured (symbols) and expected (line) evolution of Ca2+ vs. OH- activity from the 

same experiments shown in Fig. 8. The theoretical Ca(OH)2 solubility product is indicated by 

the red solid line. 

Fig. 11. X-ray diffractograms after 6hr at 0.6 A of the precipitates collected on the cathode 

and membrane surfaces, respectively. 

Fig. 12. Optical micrographs of the cationic exchange membrane taken from the cathodic side 

at the end of three different 6 h longexperiments at 0.6A : (A) without CaCO3 addition ; (B) 

with an excess of CaCO3 added at the beginning ; (C) with several batch additions of CaCO3 

in order to keep the pH between 1.5 and 2. 
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Fig. 13. (A) pH evolution in the anodic compartment and (B) experimental and theoretical 

Ca2+ migration efficiency as a function of time with an applied current of 0.6A for the same 3 

operating scenarios as in Fig. 11.  
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